DCs play a central role in initiating antigenspecific immunity and tolerance (Banchereau and Steinman, 1998; Lanzavecchia and Sallusto, 2001; Joffre et al., 2009) . They are a heterogeneous population of antigen-presenting cells that differ in their tissue distribution, surface expression markers, and function (Heath and Carbone, 2009 ). DCs can be divided into two major subsets: plasmacytoid DCs (pDCs) and myeloid DCs (mDCs, also called conventional DCs). pDCs play a crucial role in providing protection against viruses by producing significant amounts of type I interferon upon engagement of TLR7 and 9 Young, 2008, Cervantes-Barragan et al., 2012) and intracellular sensors (Hornung et al., 2004; Kumagai et al., 2009). mDCs are known for their ability to capture and present antigens to T cells, promoting tolerance under steady-state conditions and immunity upon encounter of proinflammatory molecules. Splenic mDCs have been extensively studied in mice and can be divided into two major subsets based on surface expression of CD11b or CD8. Importantly, these subsets have specialized functions (Heath and Carbone, 2009) . Although CD11b + CD8  mDCs are potent at presenting MHC class II (MHCII)-bound peptides to CD4 + T cells, CD8 + DCs are widely thought to exhibit an enhanced capacity for antigen cross presentation: the ability to load exogenous antigen onto MHCI for the priming of CD8 + T cells responses (Dudziak Human BDCA3 + dendritic cells (DCs), the proposed equivalent to mouse CD8 + DCs, are widely thought to cross present antigens on MHC class I (MHCI) molecules more efficiently than other DC populations. If true, it is unclear whether this reflects specialization for cross presentation or a generally enhanced ability to present antigens on MHCI. We compared presentation by BDCA3 + DCs with BDCA1 + DCs using a quantitative approach whereby antigens were targeted to distinct intracellular compartments by receptor-mediated internalization. As expected, BDCA3 + DCs were superior at cross presentation of antigens delivered to late endosomes and lysosomes by uptake of anti-DEC205 antibody conjugated to antigen. This difference may reflect a greater efficiency of antigen escape from BDCA3 + DC lysosomes. In contrast, if antigens were delivered to early endosomes through CD40 or CD11c, BDCA1 + DCs were as efficient at cross presentation as BDCA3 + DCs. Because BDCA3 + DCs and BDCA1 + DCs were also equivalent at presenting peptides and endogenously synthesized antigens, BDCA3 + DCs are not likely to possess mechanisms for cross presentation that are specific to this subset. Thus, multiple DC populations may be comparably effective at presenting exogenous antigens to CD8 + T cells as long as the antigen is delivered to early endocytic compartments.
DCs express the accessory molecules XCR1 and NECL2 (Crozat et al., 2010a; Poulin et al., 2010 Poulin et al., , 2012 . Importantly, BDCA3 + DCs are potent at inducing CD8 + T cell responses in vitro, although their superiority to other human DC subsets is unclear (Bachem et al., 2010; Crozat et al., 2010a; Jongbloed et al., 2010; Poulin et al., 2010; Mittag et al., 2011; van de Ven et al., 2011; Segura et al., 2012) .
We recently found that the efficiency of cross presentation of receptor-targeted antigens by BDCA1 + DCs and monocyte-derived DCs (mo-DCs) is largely determined by the endocytic compartments to which the antigen was delivered, with delivery to early endosomes being far superior . To determine whether differences in intracellular trafficking might also influence the relative capacities of BDCA3 + DCs and BDCA1 + DCs for cross presentation, we developed optimized protocols to isolate DCs from human blood in sufficient quantities and purity to facilitate detailed biochemical and functional characterization of these cells. We find that BDCA3 + DCs are superior to BDCA1 + DCs for cross presenting antigen targeted to late endosomes and lysosomes, suggesting that BDCA3 + DCs may have enhanced antigen escape from this compartment. In contrast, antigen targeting to early endosomes equalizes the relative capacities for cross presentation between these two cell types.
RESULTS
Isolated BDCA3 + DCs from human blood are more mature than BDCA1 + DCs A major limitation to studying primary human DCs, especially BDCA3 + DCs, is their scarcity in human tissues and blood (<0.1% of PBMCs; Dzionek et al., 2000) . We therefore developed an isolation scheme optimized to obtain the three major blood DC subsets with high yield and purity. PBMCs were collected from healthy donors by automated leukapheresis, and enriched populations of lymphocytes, monocytes, and DCs were obtained by counterflow elutriation. BDCA1 + DCs, because of their relative abundance, were isolated from one third of the monocyte/DC fraction by positive immunomagnetic selection using the anti-BDCA1 mAb clone AD5-8E7 (Smed-Sörensen et al., 2005) . pDCs and BDCA3 + DCs were isolated sequentially from the remaining two thirds with the same approach using mAb clones AD5-17F6 and AD5-14H12, respectively. Before isolation, the monocyte/DC fraction contained primarily CD14 + monocytes and 2% BDCA1 + DCs, 0.5% pDCs, and 0.2% BDCA3 + DCs; after isolation, the three populations were highly enriched in DCs (up to 95%). The BDCA1 + DC and BDCA3 + DC populations on average contained 10% CD14 + monocytes, whereas the pDC-enriched population contained <5% CD14 + monocytes (Fig. 1, A-D) . For functional experiments, only populations with >75% purity were used. Typical yields per donor were 5-20 × 10 6 BDCA1 + DCs, 2-8 × 10 6 pDCs, and 1-3 × 10 6 BDCA3 + DCs.
After overnight culture in the absence of TLR agonists, BDCA3 + DCs displayed a more mature phenotype than BDCA1 + DCs, with elevated levels of surface MHCI, MHCII, et al., 2007; Shortman and Heath, 2010) . Indeed, the genetic deletion of the Batf3 transcription factor leads to the loss of the CD8 + DC subset in mice (Hildner et al., 2008) . DCs from Batf3 / mice are defective at antigen cross presentation in vitro as well as viral and tumor immunity in vivo.
The molecular mechanisms underlying the role of CD8 + DCs in antigen cross presentation are not yet fully understood (Amigorena and Savina, 2010; Segura and Villadangos, 2011) . As previously found for presentation of exogenous antigens on MHCII (Trombetta and Mellman, 2005) , increased cross presentation efficiency at least partly reflects a reduced ability to degrade internalized antigens as a result of low protease expression and regulation of ATP-driven acidification in lysosomes. An additional mechanism specific to CD8 + DCs is the ability to generate reactive oxygen species (ROS) via NOX-2 activation that further reduces proteolysis and enhances cross presentation by elevating lysosomal pH and directly inactivating cysteine proteases (Savina et al., 2006 (Savina et al., , 2009 Rybicka et al., 2012) .
Limited lysosomal or phagosomal proteolysis presumably favors cross presentation by preserving internalized antigens long enough for them to be exported to the cytosol, enabling proteasomal proteolysis and subsequent peptide translocation by the TAP-1/2 peptide transporter into the ER, or back to endocytic compartments, for loading on MHCI (Cebrian et al., 2011) . This possibility is supported by observations showing that inhibition of lysosomal protease activity increases cross presentation on MHCI (Accapezzato et al., 2005; Belizaire and Unanue, 2009; Chatterjee et al., 2012) . Targeting antigen to early endosomes leads to efficient cross presentation, possibly as a result of the limited degradative capacity of this compartment, although quantitative comparisons have generally not been possible (Burgdorf et al., 2007; Peng and Elkon, 2011; Tacken et al., 2011; Zelenay et al., 2012) until recently .
Recent studies of mouse DCs have raised some questions, however, regarding the degree to which CD8 + DCs are specialized for antigen cross presentation. One possibility is that the amount or route of antigen uptake is a major factor, such that CD8 + DCs appear superior when antigen is internalized by fluid phase endocytosis or phagocytosis but not after receptor-mediated endocytosis via DEC205 (Kamphorst et al., 2010) . Thus, it is unclear whether there are fundamental mechanistic differences between DC subsets, or if their differences in function are context dependent, or both.
Understanding cross presentation in human DCs is more problematic because detailed study has been limited as a result of the difficulty in isolating sufficient numbers of DCs for experimental work. Gene expression profiling has suggested that human CD141 + /BDCA3 + DCs are the functional equivalent of the mouse CD8 + DCs, whereas human CD1c + /BDCA1 + DCs resemble mouse CD11b + CD8  DCs (Robbins et al., 2008; Crozat et al., 2010b) . Human BDCA3 + DCs, mouse CD8 + DCs, and the closely related mouse CD103 + DCs are the only DC subsets to express DNGR1, a receptor for necrotic cells (also called Clec9a); both BDCA3 + DCs and CD8 + This was in contrast to published data that BDCA3 + DCs were the only subset able to produce IL-12, albeit in response to the TLR3 agonist poly(I:C) (Jongbloed et al., 2010) . In any case, after induction of maturation, BDCA3 + DCs did not differ dramatically from BDCA1 + DCs with respect to surface marker expression or cytokine production.
BDCA3 + DCs and BDCA1 + DCs have similar capacities to present endogenous antigen on MHCI We compared the capacity of BDCA3 + DCs and BDCA1 + DCs to present peptide antigen to autologous CD8 + T cells. We used the Flu-M1 (aa 58-66) epitope as a model antigen and screened HLA-A*0201 donors for preexisting CD8 + T cell responses against this epitope. Unstimulated BDCA1 + and BDCA3 + DCs from HLA-A*0201 donors were incubated with preprocessed Flu-M1 (aa 58-66) peptide and assayed over a range of DC/T cell ratios (Fig. 2 A) and peptide concentrations (not depicted). Both DC subsets induced similar CD86, CD83, CD40, and DEC205 (Fig. 1 F) . This is in agreement with previous observations (Jongbloed et al., 2010) . Also similar to mature DCs, the unstimulated BDCA3 + DCs exhibited a decreased capacity to take up ovalbumin by fluid phase endocytosis (Garrett et al., 2000;  Fig. 1 G) . This phenotype was not the result of the isolation procedure; BDCA3 + DCs from freshly isolated PBMCs also exhibited a more mature phenotype than BDCA1 + DCs (Fig. 1 E) .
Although they exhibited some of the hallmarks of mature DCs, unstimulated BDCA3 + DCs did not produce inflammatory cytokines, suggesting that they were phenotypically but not functionally mature (Jiang et al., 2007; Fig. 1 H) . After stimulation with a TLR7/8 agonist (TLR7/8 L), however, BDCA3 + DCs not only further up-regulated some surface markers (e.g., CD40; Fig. 1 F) but also produced inflammatory cytokines (Fig. 1 H) . BDCA3 + DCs produced higher levels of IFN- than BDCA1 + DCs, as previously described (Jongbloed et al., 2010 ), but produced similar or lower levels of IL-12p70. Isolated DC fractions were labeled for contaminating cell subsets with antibodies against CD14, CD123, BDCA1, or BDCA3. Live cells were gated on the above markers and the percentage of contaminating subsets was determined. Data are the mean ± SD (n = 7 independent experiments). NA, not applicable (below limit of detection). (E) Phenotype of DC subsets in freshly isolated PBMCs. DCs in PBMCs were labeled for the indicated markers and analyzed by flow cytometry. Isotype background fluorescence was subtracted from the mean fluorescence intensity (MFI), and MFI was normalized to unstimulated BDCA1 + DCs. Data are the mean ± SD (n = 6 independent experiments). (F) Phenotype of isolated DC subsets after overnight culture in the presence or absence of TLR7/8 L. After overnight culture, DCs were labeled for the indicated markers and analyzed by flow cytometry. Isotype background fluorescence was subtracted from the MFI, and MFI was normalized to unstimulated BDCA1 + DCs. Data are the mean ± SD (n = 6 independent experiments). (G) Endocytic capacity of isolated DC subsets. Overnight cultured isolated DCs were pulsed with 5 µg/ml Alexa Fluor 488 ovalbumin for 20 min at 37 or 4°C, and ovalbumin uptake was analyzed by flow cytometry. Shown is one representative experiment of three. (H) Cytokine production by isolated DC subsets after overnight culture in the presence or absence of TLR7/8 L. Supernatants were collected and analyzed for indicated cytokine production by Luminex. Data are the mean ± SD (n = 3 independent experiments).
DCs is unclear. A limitation is that most of these previous studies did not quantify the amount or characterize the route of antigen uptake by DCs. To address this problem, we used antibodies to deliver quantifiable amounts of antigen to both BDCA3 + DCs and BDCA1 + DCs, allowing determinations of cross presentation efficiency as a function of antigen uptake.
We first allowed DCs to internalize an anti-DEC205 antibody covalently conjugated to an extended Flu-M1 peptide (aa 55-72; Chatterjee et al., 2012) and then determined cross presentation by measuring Flu-M1-specific CD8 + T cell proliferation. Strikingly, BDCA3 + DCs cross presented DEC205-targeted Flu-M1 far more efficiently than BDCA1 + DCs. BDCA1 + DCs seldom generated a detectable CD8 + T cell response to Flu-M1 peptide antigen targeted through DEC205 (Fig. 3 A) . Similar data were obtained using anti-DEC205 antibody conjugated to a CMV-pp65 peptide, although in this case some cross presentation by BDCA1 + DCs was observed, especially in the presence of TLR7/8 L (Fig. 3 B) .
We next asked whether the enhanced cross presentation by BDCA3 + DCs reflected an increase in antigen uptake. Using a fluorescently labeled anti-DEC205 antibody, BDCA1 + DCs and BDCA3 + DCs were allowed to internalize antibody for 4-6 h and antibody accumulation was then determined by flow cytometry. Anti-DEC205 antibodies accumulated similarly in BDCA3 + DCs and BDCA1 + DCs (Fig. 3 C) , despite the higher surface levels of DEC205 on BDCA3 + DCs Flu-M1-specific CD8 + T cell proliferation. Thus, BDCA3 + DCs do not have an inherently greater ability to stimulate CD8 + T cells in vitro.
We next examined the capacity of the human blood DC subsets to process and present endogenous antigen on MHCI. DCs were transfected with a construct that encoded a Flu-M1 (aa 55-72)-EGFP fusion protein expressed in the cytosol. After overnight culture in the presence or absence of TLR7/8 L, we monitored EGFP expression by flow cytometry and found that EGFP expression levels of the transfected cells were similar between BDCA1 + DCs and BDCA3 + DCs (Fig. 2 B) . BDCA3 + DCs and BDCA1 + DCs exhibited little difference in their ability to present endogenous Flu-M1 on MHCI (Fig. 2 C) . This was true regardless of whether DCs were immature (unstimulated: Fig. 2 C, left) or mature (TLR7/8 L stimulated: Fig. 2 C, right). These data indicate that the overall efficiency of the endogenous MHCI presentation machinery is similar between the two DC subsets.
BDCA3 + DCs exhibit increased cross presentation of antigen delivered to late endosomes and lysosomes via DEC205
Recent work has demonstrated that human BDCA3 + DCs have the capacity to cross present antigens (Bachem et al., 2010; Crozat et al., 2010a; Jongbloed et al., 2010; Poulin et al., 2010; Mittag et al., 2011; van de Ven et al., 2011; Segura et al., 2012) . However, their superiority in comparison with other than BDCA1 + DCs; BDCA3 + DCs demonstrated an almost complete disappearance of surface anti-DEC205 antibody after a 60-min chase, whereas >90% of anti-DEC205 antibody ( Fig. 1 F) . Next, we compared the kinetics of internalization of DEC205 in these two DC subsets (Fig. 3 D) . We found that BDCA3 + DCs internalized DEC205 far more slowly Shown is one representative experiment of n > 6. (B) As in A; anti-DEC205 and the control isotype antibodies were conjugated to CMV-pp65 (aa 488-508). Shown is one representative experiment of two. (C) Accumulation of anti-DEC205 antibody. Day 1 DCs were fed with Alexa Fluor 488-labeled anti-DEC205 antibody continuously for 4-6 h at 4 or 37°C. Results were analyzed by flow cytometry. 4°C MFI was subtracted from the 37°C MFI, and the resulting MFI was normalized to BDCA1 + DCs. Data shown are the mean MFI ± SD (n = 7 independent experiments). (D) Internalization of anti-DEC205 antibody. Day 1 DCs were incubated with Alexa Fluor 488-labeled anti-DEC205 antibody for 30 min at 4°C. The cells were then washed and cultured at 37°C for the indicated times. At each time point, cells were labeled with an Alexa Fluor 647-labeled anti-human IgG antibody to label remaining surface bound antibody. Cells were then analyzed by flow cytometry. The total DEC205 is Alexa Fluor 488-labeled antibody, whereas the surface DEC205 is the Alexa Fluor 647-labeled anti-human antibody. Shown is one representative experiment of four. (E) Anti-DEC205 antibody trafficking. Day 1 DCs were fed Alexa Fluor 488-labeled anti-DEC205 antibody (green) continuously for 3 h at 37°C, washed, and allowed to adhere to coverslips. After fixation and permeabilization, the lysosomes and cell membrane were stained using anti-Lamp1 (red) and anti-HLA-DR (blue) antibodies, respectively. Cells were then analyzed using confocal microscopy. Bars, 7.5 µm. Shown is one representative experiment of five. (F) Detection of the indicated lysosomal proteases by Western blot of day 1 BDCA1 + DCs, BDCA3 + DCs, and mo-DCs. DC subsets were lysed and analyzed by Western blot for lysosomal protease expression. Shown is one representative experiment of three.
to lysosomal compartments, this difference could not be easily attributed to differences in lysosomal proteolytic potential between the two cell types.
Enhancing antigen escape from late endosomes and lysosomes equalizes the cross presentation efficiency of BDCA1 + DCs and BDCA3 + DCs A likely rate-limiting step in cross presentation is the egress of internalized antigen from endocytic compartments to the cytosol, an event which requires passage through a compartment barrier normally impermeable to macromolecules. Because the mechanism of antigen egress is unknown, we devised an approach to ask if BDCA3 + DCs might conduct this step more efficiently, thereby mediating more efficient cross presentation. For this purpose, we used the pH-based fusion properties of Influenza A virus (IAV), which normally infects host cells by releasing its nucleocapsid into the cytosol after the hemagglutinin-mediated fusion of the viral envelope with the limiting membrane of endosomes (Stegmann et al., 1989) . IAV enters the cytosol via late endosomes and lysosomes because its fusion pH optimum is less than pH 5.2. Pretreatment of IAV with a low pH buffer renders the virus irreversibly unable to fuse with the endosomal membrane was internalized within 10 min in BDCA1 + DCs. In addition, the internalized anti-DEC205 antibodies were delivered to Lamp1-positive late endosomes and lysosomes in both DC types (Fig. 3 E) . Collectively, these results indicate that BDCA3 + DCs were not superior at cross presentation via DEC205 because they internalized more antigen or because they delivered internalized antigen to a distinct intracellular destination relative to BDCA1 + DCs.
Superiority in cross presentation has been suggested to be caused, at least in part, by the reduced ability of the cells to degrade antigens in their endocytic compartments (Savina et al., 2006 (Savina et al., , 2009 Mantegazza et al., 2008) . We therefore examined the levels of lysosomal proteases present in BDCA1 + and BDCA3 + DC subsets by Western blot analysis. The levels of precursor and active cathepsins B, D, L, and S were slightly decreased in BDCA3 + DCs in comparison with immature BDCA1 + DCs (Fig. 3 F) . However, TLR7/8 L stimulation reduced cathepsin expression by BDCA1 + DCs to levels at least as low as in BDCA3 + DCs. The rates of anti-DEC205 antibody degradation were also not discernibly different between the two cell types (unpublished data). Thus, although BDCA3 + DCs appeared more efficient at cross presenting extended peptide antigens selectively delivered Similar results were obtained with killed but metabolically active (KBMA) Listeria monocytogenes engineered to express Flu-M1 (aa 58-66) epitope as an antigen delivery vehicle  Fig. 4 C) . Delivery of Flu-M1 peptide expressing KBMA L. monocytogenes, which actively gains access to the cytosol through expression of listeriolysin O (LLO), resulted in similar MHCI presentation by BDCA1 + DCs and BDCA3 + DCs (Fig. 4 C, left) . Conversely, Flu-M1 peptide expressed by LLO-deficient KBMA L. monocytogenes, which is incapable of escaping the phagosome, resulted in more efficient cross presentation by BDCA3 + DCs (Fig. 4 C, right) .
Together, these data indicate that once the antigen has reached the cytosol, it accesses the MHCI pathway with the same efficiency in both BDCA1 + DCs and BDCA3 + DCs. In addition, BDCA3 + DCs appear to differ from BDCA1 + DCs either at the step of antigen translocation into the cytosol or . In our system, this differential viral fusion provides antigen (Flu-M1 protein) in a form that either can or cannot be efficiently translocated to the cytosol.
Fusion-competent (pH 7.4 pretreated) virus or fusionincompetent (pH 4.5 pretreated) virions were added to BDCA1 + DCs and BDCA3 + DCs for 6 h to allow virus endocytosis. Both cell types were found to associate with comparable amounts of both types of virus by counting virus particles by immunofluorescence microscopy (Fig. 4 A) . We next measured cross presentation of Flu-M1. Flu-M1 protein from fusion incompetent virus was cross presented far more efficiently by BDCA3 + DCs than by BDCA1 + DCs (Fig. 4 B,  right) , in agreement with the DEC205-Flu-M1 peptidetargeting experiments. In contrast, Flu-M1 protein from fusion-competent virus was presented equivalently by both DC populations (Fig. 4 B, left) . (A) Anti-CD40 antibody intracellular trafficking. Day 1 BDCA1 + DCs (top) or BDCA3 + DCs (bottom) were fed with Alexa Fluor 488-labeled anti-CD40 antibody (green) continuously for 3 h at 37°C, washed, and allowed to adhere to coverslips. After fixation and permeabilization, the lysosomes or early endosomes were stained using anti-Lamp1 or anti-EEA1 (red), respectively. Plasma membrane was stained using anti-HLA-DR (blue) antibodies. Cells were then analyzed using confocal microscopy. Bars, 5 µm. Shown is one representative experiment of three. (B) Accumulation of anti-CD40 antibody. Day 1 DCs were fed with Alexa Fluor 488-labeled anti-CD40 antibody continuously for 4-6 h at 4°C or 37°C. Results were analyzed by flow cytometry. The 4°C MFI was subtracted from the 37°C MFI, and the resulting MFI was normalized to BDCA1 + DCs. Data shown are the mean MFI ± SD (n = 3 independent experiments). (C) Antigen cross presentation via CD40 in DC subsets. Day 1 isolated DCs from HLA-A*0201 donors were fed with anti-CD40, or control isotype antibody conjugated to Flu-M1 (aa 55-72) at 1 µg/ml for 4 h at 37°C. The cells were then washed and cultured with autologous CFSElabeled CD8 + T cells in the presence of IL-2 and TLR7/8 L. 8-10 d later, Flu-M1-specific CD8 + T cell expansion was evaluated by gating on CFSE low cells positive for Flu-M1 (aa 58-66) pentamer. Shown is one representative experiment of more than five. (D) As in C; anti-CD40 and control isotype antibodies were conjugated to CMV-pp65 (aa 488-508) at the indicated doses. Shown is one representative experiment of two. and BDCA1 + DCs were able to cross present early endosomally targeted antigen with comparable efficiencies (Fig. 5 C) and better than when antigen was delivered through DEC205 (see Fig. 7 , B and C). Similarly, CD40 targeting of CMV-pp65 peptide also resulted in similar cross presentation by both blood DC subsets, whether unstimulated or TLR7/8 L stimulated (Fig. 5 D) . The enhanced cross presentation observed using the anti-CD40 antibody did not result from DC maturation induced by CD40 triggering because targeting anti-CD40 antibody to DCs did not increase their surface maturation markers, nor did it induce the production of inflammatory cytokines and unpublished data) . Nor did unconjugated anti-CD40 enhance the presentation of Flu-M1 antigen delivered via DEC205 . In addition, similar results were obtained using an antibody to a second surface receptor, CD11c, whose ligation is not associated with DC maturation but whose internalization also results in delivery to EEA1-positive early endosomes (Fig. 6 A) . CD11c-targeted Flu-M1 was cross presented comparably by both BDCA1 + DCs and BDCA3 + DCs (Fig. 6 B) .
These results were in sharp contrast with those obtained with late endosomal/lysosomal-targeted anti-DEC205 antibody (Fig. 3 A; and Fig. 7 , B and C). This was not a result of differential antibody accumulation because antibodies against DEC205 and CD40 were accumulated by BDCA1 + DCs and BDCA3 + DCs to similar extents (Fig. 7 A) . In addition, even pDCs were able to stimulate Flu-M1-specific CD8 + T cells when antigen was delivered via CD40 but not DEC205 (Fig. 7, B and C) , implying that even a cell type not normally associated with efficient cross presentation can be induced to do so if the antigen was delivered to early endocytic compartments.
Finally, we compared the ability of BDCA1 + DCs, BDCA3 + DCs, and pDCs to present antigen on MHCII to CD4 + T cells. with Alexa Fluor 488-labeled anti-CD11c antibody (green) continuously for 3 h, washed, and allowed to adhere to coverslips. After fixation and permeabilization, the early endosomes and plasma membrane were stained using EEA1 (red) and anti-HLA-DR (blue) antibodies, respectively. Cells were then analyzed using confocal microscopy. Bar, 5 µm. Shown is one representative experiment of three. (B) Antigen cross presentation via CD11c in DC subsets. Day 1 isolated DCs from HLA-A*0201 donors were fed with anti-CD11c or control isotype antibody conjugated to Flu-M1 (aa 55-72) at indicated doses for 4 h at 37°C. The cells were then washed and cultured with autologous CFSE-labeled CD8 + T cells in the presence of IL-2 and TLR7/8 L. 8-10 d later, CD8 + T cell expansion was evaluated by gating on CFSE low cells positive for Flu-M1 (aa 58-66) pentamer. Shown is one representative experiment of three. at a step upstream of it within the endocytic system. It is also noteworthy that the fusion-competent virus is more efficiently cross presented by BDCA3 + DCs than the fusion-incompetent virus (25 vs. 2% proliferating Flu-M1-specific CD8 + T cells; Fig. 4 B) . Collectively, these results strongly suggest that a potential rate-limiting step in the cross presentation pathway is at the level of antigen egress from late endosomes and lysosomes. It appears that BDCA3 + DCs are able to navigate this step more effectively than BDCA1 + DCs.
Targeting an early endosomal compartment results in efficient cross presentation by both BDCA3 + DCs and BDCA1 + DCs Our data indicate that the late endosomal/lysosomal compartment of BDCA3 + DCs may uniquely support cross presentation by allowing increased antigen access to the cytosol, either by subtly limiting antigen degradation in lysosomes or by providing antigen from a more rapid mechanism of escape. To determine whether this unique compartmental capacity for cross presentation applies to other endosomal compartments in BDCA3 + DCs, we examined cross presentation of antigen delivered to less proteolytic early endosomes.
We recently showed that antigen delivery through CD40 targets antigens to early endosomes in BDCA1 + DCs . We confirmed that anti-CD40 antibody traffics to early endosomes in BDCA3 + DCs after 3 h of continuous uptake, although most of the antibody was found at the cell surface, as for BDCA1 + DCs (Fig. 5 A) . Antibody detected intracellularly in both cell types was excluded from Lamp1-positive late endosomes and lysosomes and, instead, overlapped with the endogenous early endosomal marker EEA1. In addition, anti-CD40 antibody accumulated (surface bound and internalized) to similar extents in BDCA3 + DCs and BDCA1 + DCs (Fig. 5 B) .
When using anti-CD40-Flu-M1 conjugates in our antigen presentation assay, we found that both BDCA3 + DCs appears to be a more important determinant of presentation efficiency than the population of DC being targeted for presentation to both CD4 + and CD8 + T cells.
DISCUSSION
In the mouse, there is excellent evidence to suggest that the CD8 + DC subset, especially in the spleen, plays a key role in antigen cross presentation in vivo Hildner et al., 2008) . In vitro, several cell biological specializations have been identified that would appear to at least partly explain this function, including careful regulation of For these experiments, a NY-ESO-1 peptide was coupled to anti-CD40 or anti-DEC205 antibodies, and antigen presentation was monitored using a NY-ESO-1-specific human CD4 + T cell line. Especially when anti-CD40 was the delivery vehicle, little if any difference was observed in antigen presentation efficiency between the three DC subsets (Fig. 8, left) . Presentation after internalization via DEC205 was generally less efficient, as previously observed for mo-DCs ; similarly, there was not a clear difference in efficiency between BDCA1 + DCs and BDCA3 + DCs (Fig. 8,  right) . Thus, the intracellular destination of internalized antigen BDCA3 + DCs were fundamentally similar to BDCA1 + DCs. Although BDCA3 + DCs were superior in the cross presentation of antigens delivered by receptors targeted to late endosomes and lysosomes, antigens targeted to early compartments were not cross presented more efficiently. Thus, it seems unlikely that BDCA3 + DCs possess a generalized specialization for cross presentation that greatly distinguish them, at least in vitro, from other DCs unless that mechanism is selectively present only in the lysosomes of BDCA3 + DCs.
The molecular basis for the functional adaptation of BDCA3 + DC lysosomes that enables more efficient cross presentation is unknown. BDCA3 + DCs express lower levels of lysosomal proteases than BDCA1 + DCs, suggesting that perhaps enhanced antigen release into the cytosol is favored by reduced lysosomal degradation. Thus far, we have not demonstrated enhanced NOX-2 activity that might further diminish lysosomal function in BDCA3 + DCs, as occurs in CD8 + DCs (Savina et al., 2006; Savina et al., 2009; Rybicka et al., 2012) . Interestingly, mo-DCs, which exhibit levels of lysosomal proteases similar to monocytes and macrophages (Burster et al., 2005; McCurley and Mellman, 2010) , are even poorer than BDCA1 + DCs at cross presentation . lysosomal pH, inactivation of lysosomal proteases by ROS, and the delivery of ER-derived components (Amigorena and Savina, 2010; Segura and Villadangos, 2011) . The recent discovery that the human BDCA3 + DC subset shared many surface markers and transcription factors with the murine CD8 + DC subset suggested that the BDCA3 + DCs were their functional paralog (Robbins et al., 2008) . Although in vivo evidence for this possibility is lacking, in vitro evidence for enhanced cross presentation by BDCA3 + DCs relative to other DCs was consistent with this possibility (Bachem et al., 2010; Crozat et al., 2010a; Jongbloed et al., 2010; Poulin et al., 2010) . However, the scarcity of these cells made quantitative comparative analysis difficult, and studies thus far relied on the uptake of apoptotic cells or unspecified amounts of viral antigens. Further complicating matters were recent results suggesting that even among mouse DCs, the differences in cross presentation between CD8 + DCs and other subsets tend to diminish when one controls for the amounts and pathways of antigen uptake (Kamphorst et al., 2010) . We reexamined this issue using an improved method for BDCA3 + DC isolation, combined with approaches to antigen loading that allowed for the careful quantitative monitoring of antigen uptake and intracellular fate. We found that with respect to overall antigen presentation capacity, intact proteins (typically ovalbumin in the mouse). Because we have used the same anti-human DEC205 antibody as in previous studies (Tsuji et al., 2011) , we suspect that our chemically coupled peptides are more sensitive to degradation and, therefore, to illuminating the efficiency differences between BDCA3 + DCs and BDCA1 + DCs. Certainly uptake efficiency and intracellular targeting were not different between the two cell types. Peptides were chosen because this approach is easily scalable and permits the type of quality control that may help the transition of this platform to late stage clinical development and application in patients. The anti-DEC205-peptide conjugates also appeared to reveal the only demonstrable difference in cross presentation efficiency between the DC subsets studied.
Our findings have further implications for the design of potential DC-targeted vaccines. BDCA3 + DCs are a rare subset of DCs in the blood, where they represent <5% of the total blood DCs. Targeting antigens to early endosomes not only increases cross presentation by BDCA3 + DCs but also extends cross presentation to more abundant DC subsets and thus could potentially maximize CD8 + T cell responses in vivo. Thus, selective targeting of antigens to BDCA3 + DCs via specifically expressed receptors such as DNGR1 (Schreibelt et al., 2012) may not offer an inherent advantage. In vivo studies will be needed to determine the relative contribution of the human DC subsets to the induction of CD8 + T cell immunity.
DC function may be affected by cytokines in the environment. GM-CSF has recently been shown to enhance the cross presentation capacity of mouse CD8 + DCs (Sathe et al., 2011; Zhan et al., 2012) . In our study, the capacity of BDCA1 + DCs and BDCA3 + DCs to cross present antigens was evaluated after overnight culture in the presence of GM-CSF. Because GM-CSF was critical to DC survival in vitro (unpublished data), we were unable to assess whether GM-CSF also affected human blood DC function.
Factors other than the capacity for cross presentation may also be important for DC function in vivo. In the skin, resident BDCA3 + DCs constitutively produce IL-10, possibly in a vitamin D3-dependent manner, and thus mediate T cell tolerance rather than immunity at steady state (Chu et al., 2012) . In the mouse, stimulation of TLRs and the ligation of CD40 induce CD8 + DCs not only to cross present effectively but also to express CD70, a costimulatory molecule which favors the priming of CD8 + T cell responses and the generation of CD8 + T cell memory (Hendriks et al., 2000; Soares et al., 2007) . Whether BDCA3 + DCs also share this characteristic will be important to examine to better understand the role of BDCA3 + DCs in vivo.
MATERIALS AND METHODS
Reagents. Anti-DEC205 antibody (3G9) is from Celldex Therapeutics Inc., whereas anti-CD40 antibody (S2C6) is from Seattle Genetics and American Type Culture Collection. Antibodies against CD11c (Bly6), CD3 (SK7), CD4 (Leu-3a/SK3), CD8 (SK1), CD8 (RPA-T8), CD14 (MP9), CD19 (Leu-12), CD40 (5C3), CD83 (HB15e), CD86 (FUN-1), HLA-DR (TÜ36 and L243), and Lamp1 (H4A3) are from BD; antibodies against Alternatively, BDCA3 + DCs may have developed specialized machinery to transfer antigen to the cytosol. The ER protein retrotranslocation machinery normally involved in the degradation of misfolded ER proteins has been proposed to have a role in the transport of antigen from endocytic compartments to the cytosol. However, the molecular composition of the ER-translocation machinery remains somewhat elusive. Recently, Sec22b has been shown to control the recruitment of ER-resident proteins to the phagosome and increases cross presentation from phago-lysosomes in CD8 + DCs, possibly by favoring antigen egress to the cytosol (Cebrian et al., 2011) . The lysosomes of CD8 + DCs have also been reported to be more "leaky" to internalized cytochrome C (Lin et al., 2008) . Although this may reflect the recruitment of an ER-translocation mechanism, it may simply be that BDCA3 + DC lysosomes are more susceptible to transient physical rupture, which would also result in delivery of antigens to the cytosol. Indeed, release of internalized antigen in the cytosol by osmotic disruption of the endosomes leads to antigen cross presentation even in nonprofessional antigenpresenting cells (Moore et al., 1988) . Although more work will be required to define the mechanism of antigen escape from endocytic compartments, our results demonstrate that this step is rate limiting to antigen access to the MHCI pathway. When this barrier was effectively removed by using fusioncompetent IAV or KBMA L. monocytogenes to deliver viral antigen to the cytosol from late endosomes or lysosomes, the difference in cross presentation efficiency between BDCA3 + DCs and BDCA1 + DCs disappeared.
We recently demonstrated that targeting antigens to early endosomes, as compared with late endosomes and lysosomes, results in more efficient cross presentation in both BDCA1 + DCs and mo-DCs . BDCA3 + DCs also cross present antigens delivered to early endosomes 10-100-fold more efficiently than antigens delivered to lysosomes, even though less antigen was internalized by coupling to anti-CD40 (Fig. 7) . This result suggests that even though BDCA3 + DC lysosomes may be adapted for cross presentation (or at least more so than BDCA1 + DC lysosomes), they are not optimized for this process. Importantly, we show that the three human blood DC subsets tested can cross present antigen targeted to early endosomes, with BDCA1 + DCs and BDCA3 + DCs possessing similar capacities for antigen cross presentation to CD8 + T cells in an in vitro recall assay. Although the situation may be different for resident tissue DCs in humans, these results imply an overall similarity in the cell biological mechanisms underlying the events essential to antigen cross presentation across all DC subsets.
Another observation that is worth mentioning is the inability of anti-DEC205 antibody to enable the cross presentation of antigen by BDCA1 + DCs. This is in contrast to other studies of both mouse and human DCs (Hawiger et al., 2001; Bozzacco et al., 2007; Idoyaga et al., 2011) . In our experiments, we coupled extended peptides to anti-DEC205 antibody , whereas most previous work has relied on direct fusions or conjugations of peptides or FlowJo software and normalized to exclude fluorescence from nonspecific isotype control binding. Supernatants were harvested and cytokines were measured by Luminex (Bio-Rad Laboratories) or ELISA (IFN-; PBL Interferon Source).
Ovalbumin accumulation experiments. Cells were continuously incubated with 5 µg/ml ovalbumin-A488 (Invitrogen) for 20 min at either 4 or 37°C. Cells were then washed and stained for CD14 and BDCA1 or BDCA3, fixed in PFA, and analyzed by flow cytometry. Antibody targeted antigen cross presentation assay. HLA-A*0201 DCs were incubated for 4-6 h in the presence of 0.1-10 µg/ml of antibodypeptide conjugates or 2.5-250 ng/ml of preprocessed peptide. After antigen uptake, DCs were washed extensively to remove free antibody or peptide and cultured with 1.5 × 10 6 CFSE (Invitrogen)-labeled CD8 + T cells at a DC/T cell ratio of 1:30 (unless otherwise indicated), in the presence of 20 U/ml IL-2 (Roche) and 1 µg/ml TLR7/8 L. After 8-10 d, cells were harvested and stained with Flu-M1 (aa 58-66) or CMV-pp65 (aa 495-503) pentamer for 15 min at room temperature, followed by labeling with antibodies against CD3, CD8, CD4, and CD19, fixation, and analysis by flow cytometry. Dead cells were gated out based on forward scatter and side scatter.
MHCII presentation assay. HLA-DPB1*0401 DCs were incubated for 1.5 h in the presence of 0.1-10 µg/ml of antibody-peptide conjugates or 2.5-25 µg/ml of peptide control. After antigen uptake, DCs were washed and cocultured with a NY-ESO-1-specific human CD4 + T cell clone for 7-9 h at DC to T cell ratios of 1:1. 2 h into the co-culture, brefeldin A (eBioscience) was added to prevent cytokine secretion. After co-culture, cells were stained for surface markers, fixed, permeabilized, and labeled for intracellular IFN-, IL-2, and TNF. Cells were analyzed by flow cytometry.
Antibody accumulation experiments. Cells were incubated with 5 µg/ml anti-CD40 or anti-DEC205 antibodies conjugated to Alexa Fluor 488 (mAb labeling kit; Invitrogen) at 4 or 37°C for 4-6 h. Cells were then stained for CD14 and BDCA1 or BDCA3, fixed in PFA, and analyzed by flow cytometry.
Antibody internalization experiment. Cells were incubated with 5 µg/ml anti-DEC205 or isotype control antibodies conjugated to Alexa Fluor 488 at 4°C for 30 min. Cells were then washed in cold media and incubated for the indicated times at 37°C. At each time point, cells were transferred to 4°C and labeled with an Alexa Fluor 647-labeled anti-human IgG antibody at a dilution 1:2,000. Cells were then fixed in PFA and analyzed by flow cytometry.
Immunofluorescence. After accumulation of 5 µg/ml A488-conjugated anti-CD40, anti-DEC205, or anti-CD11c antibodies at 37°C for 4-6 h, BDCA1 + DCs or BDCA3 + DCs were washed in serum-free medium and spotted at 50,000-100,000 cells on Alcian blue-coated glass coverslips for 10-15 min at room temperature. Upon adherence, cells were fixed in 4% PFA (Electron Microscopy Source) for 15 min, followed by washes in PBS. Cells were permeabilized in 0.05% saponin (Sigma-Aldrich) and counterstained as indicated. When biotinylated antibodies were used, endogenous biotin was blocked using an excess of unlabeled streptavidin and biotin (endogenous biotin blocking kit; Invitrogen), followed by labeling with biotinylated antibodies. After primary and secondary antibody labeling, cells were washed in PBS and water, and then mounted onto glass slides using Prolong Gold with DAPI (Invitrogen/Molecular Probes). Imaging was performed on a confocal microscope (SP5; Leica), using a 100× oil objective (NA: 1.47), zoom 5, and data acquired using LAS imaging software (Leica).
Protease levels in DC subsets. Cells were lysed at 4°C in a buffer containing 1% (vol/vol) Triton X-100, 0.1% (wt/vol) SDS, 20 mM Tris, pH 7.4, and protease inhibitors (Complete mini; Roche). The cell lysate was adjusted for equal total protein, separated by SDS-PAGE, and transferred to a PVDF membrane (Invitrogen) using standard protocols. Immunoblotting BDCA1 (AD5-8E7), BDCA3 (AD5-14H12), and BDCA4 (AD5-17F6) are from Miltenyi Biotec; and antibodies against HLA-ABC (W6/32) are from BioLegend or eBioscience. Anti-EEA1 is from Cell Signaling Technology. Anti-Cathepsin D and Cathepsin S are from EMD Millipore, anti-actin and -Cathepsin B (CB59-4B11) are from Sigma-Aldrich, and mouse antiCathepsin L (33/1) is from Santa Cruz Biotechnology, Inc. Secondary reagents (anti-FITC Alexa Fluor 488, Streptavidin Alexa Fluor 555, anti-rabbit Alexa Fluor 546, Streptavidin Alexa Fluor 647, and anti-human IgG Alexa Fluor 647) are from Invitrogen/Molecular Probes. The anti-Influenza HA antibody, PINDA, was a gift from A. Helenius (ETH Zürich, Switzerland). Anti-DEC205, -CD40, and -CD11c antibodies were conjugated to extended peptides Flu-M1 (aa 55-72), CMV-pp65 (aa 488-508), and NY-ESO-1 (aa 154-180) as described elsewhere . Antibodies had approximately the same number of peptides per molecule by mass spectrometry and remained >95% monomeric (unpublished data). HLA-A*0201 peptides , CMV-pp65 [aa [495] [496] [497] [498] [499] [500] [501] [502] [503] , and HIV-p17 [aa 77-85] as a negative control) are from Anaspec, whereas NY-ESO-1 (aa 157-170) is from Elim. Flu-M1 (aa 58-66) and CMV-pp65 (aa 495-503) pentamers are from Proimmune.
Cell isolation and culture. This study was approved by the Genentech Institutional Review Board. As previously described (Smed-Sörensen et al., 2005) , healthy blood donors underwent automated leukapheresis, and enriched populations of lymphocytes and monocytes were obtained by counterflow centrifugal elutriation. BDCA1 + DCs, BDCA3 + DCs, and pDCs were isolated from the monocyte/DC fraction using magnetic bead isolation reagents and AutoMACS technology (Miltenyi Biotec). The CD1c/ BDCA1 + DC isolation kit was used for isolation of BDCA1 + DCs from one third of the monocyte/DC fraction. pDCs and BDCA3 + DCs were sequentially isolated from two thirds of the monocyte/DC fraction. pDCs were isolated using anti-BDCA4-biotin antibody (Miltenyi Biotec) followed by anti-biotin microbeads (100 µl/10 6 cells, each). Before BDCA3 isolation, CD123 + cells and pDCs were depleted from the fraction using CD123 microbeads and BDCA4 microbeads. BDCA3 + DCs were enriched using anti-BDCA3-biotin (55 µl total) antibody and anti-biotin beads (15 µl total). After isolation and before performing experiments, DCs were rested overnight in 5 ml polypropylene, round-bottom tubes (Falcon) at 10 6 cells/ml in complete medium (RPMI 1640 + GlutaMAX supplemented with 10% FCS, 100 U/ml penicillin + 100 µg/ml streptomycin, and 10 mM Hepes), and 2 ng/ml GM-CSF (PeproTech) for BDCA1 + DCs and BDCA3 + DCs, and 10 ng/ml IL-3 (R&D Systems) for pDCs. In some experiments, DCs were exposed to 1 µg/ml TLR7/8 agonist (CL075; InvivoGen) overnight to induce DC maturation. CD8 + T cells were isolated from HLA-A*0201 elutriated lymphocyte fraction using the CD8 + T cell isolation kit, followed by separation on MACS LS columns (Miltenyi Biotec), and overnight culture at 10 × 10 6 cells/ml in complete medium for use the following day. Mo-DCs were derived in 5-7 d from CD14 + monocytes cultured in R10 supplemented with 100 ng/ml GM-CSF (PeproTech) and 6.5 ng/ml IL-4 (R&D Systems). The percentage of live cells after overnight culture was determined by flow cytometry by gating out dead cells based on forward scatter and side scatter. DCs were only used if viability was >65%. DCs were not used if one subset was significantly more viable than another.
DC surface maturation markers and cytokine secretion. PBMCs were surface stained with antibodies against CD14, CD19, CD11c, BDCA1 or BDCA3, DEC205, CD83, CD86, CD40, HLA-ABC, and HLA-DR or corresponding isotype controls. Cells were washed, fixed in 1% paraformaldehyde (PFA), and acquired using a FACS Canto II (BD). Fluorescence signal was analyzed using FlowJo software and normalized to exclude fluorescence from nonspecific isotype control binding. After overnight culture in the presence or absence of 1 µg/ml TLR7/8 L, isolated DCs were harvested, washed, and surface stained with antibodies against BDCA1 or BDCA3, CD14, DEC205, CD83, CD86, CD40, HLA-ABC, and HLA-DR or corresponding isotype controls. DCs were washed, fixed in 1% PFA, and acquired using a FACS Canto II. Fluorescence signal was analyzed using
